The characteristics of an atmospheric pressure plasma jet (APPJ) in He discharge are measured with electrical and optical diagnostics methods. The discharge phenomenon in one cycle of the APPJ was diagnosed using intensified charge coupled device (ICCD) imaging.
I. Introduction
High pressure gas discharges are normally filamentary, but it is possible to generate an atmospheric glow discharge in limited conditions [1] .
Recently, the atmospheric pressure plasmas (APPs) have become an active and vibrant research field in plasma technology. APPs are used for many applications such as microelectronics cleaning and surface treatment, environmental processing, metal machining and cutting, bio-medical treatment, etc.
APPs do not need vacuum equipment, and thus the manufacturing cost of APP systems is lower than that of low pressure vacuum plasma systems. However, sometimes APPs require a continuous supply of buffer gas to maintain the plasma. Thus, it costs extra to supply the buffer gas and a post-cleaning process is required when the processing residue is particularly noxious or dangerous.
APP devices include pulsed plasma, rf plasma, microwave plasma, dielectric-barrier discharge, bare-electrode discharge, plasma needle, and plasma array device [2] [3] [4] [5] [6] [7] [8] . In this study, we investigate the characteristics of an atmospheric pressure plasma jet (APPJ) using electrical and optical diagnostics. In addition to voltage-current measurement using an oscilloscope, an intensified charge-coupled device (ICCD) is used to detect the spatio-temporal evolution of the plasma property. Also, analysis by Schlieren imaging is performed to determine the effect of the plasma on the background gas.
The paper is organized as follows. The experimental conditions and diagnostics methods are explained in Sec. II. Results and discussions are provided in Sec.
III followed by the conclusions in Sec. IV.
II. Experimental Methods
One of the most effective ways of performing plasma diagnostics is voltage-current (VI) measurement over time; this is an easy and fast way to measure VI waveforms which can be clearly used to explain the electrical properties, such as power consumption, current density, and impedance of plasmas. Hence, the plasma that is taken from the image must be periodic and stable. It is necessary to point out that there are noise-like peaks, especially at 1 SML and for the tube with smaller diameter. This is because the discharge is not stable in these cases, and there are some streamers rather than the usual glow discharge because the surface of the tube electrode is rough especially at the end point. Fig. 3 shows the ICCD diagnostics of the plasma jet for a single period. As can be seen in Fig. 3(a) , the peak to peak voltage on the tube electrode is about taken for 20 ns.
III. Results and Discussions
There are 3 discharges in one discharge period.
When the tube electrode is an anode, the 1 st and the 2 nd discharges emit single bullets, as shown in Figs. changes its polarity again. When the 3 rd discharge is generated, the plasma bullet cannot propagate, as shown in Fig. 3(e) because the inner electrode is biased with a negative potential. These results coincide with another previous experimental measurement [10] .
The speed of the plasma bullets is tens of km/s which is much larger than the gas flow speed of a few m/s.
The cause of the plasma bullets could be explained as the photoionization, which was studied for steamers;
however, this case is slightly differently from that of the streamers because of He gas flow [11] . The jet current is dominated by positive space charges [10] , In terms of the plasma diagnostics, the Schlieren images have been reported to allow an analysis of the effect of the plasma jet on the gas flow [13] [14] [15] [16] .
In this study, the effects of gas flow rates and plasma bullets on the He gas flow profile were observed using the Schlieren image. Swirling effect analysis is highly recommended for future studies. 
IV. Conclusions
The 
